Detection of orthotopic xenograft tumors is difficult due to poor spatial resolution and reduced image fidelity with traditional optical imaging modalities. In particular, light scattering and attenuation in tissue at depths beyond subcutaneous implantation hinder adequate visualization. We evaluate the use of multispectral optoacoustic tomography (MSOT) to detect upregulated epidermal growth factor (EGF) receptor in orthotopic pancreatic xenografts using a near-infrared EGF-conjugated CF-750 fluorescent probe. MSOT is based on the photoacoustic effect and thus not limited by photon scattering, resulting in high-resolution tomographic images. Pancreatic tumor-bearing mice with luciferase-transduced S2VP10L tumors were intravenously injected with EGF-750 probe before MSOT imaging. We characterized probe specificity and bioactivity via immunoblotting, immunocytochemistry, and flow cytometric analysis. In vitro data along with optical bioluminescence/fluorescence imaging were used to validate acquired MSOT in vivo images of probe biodistribution. Indocyanine green dye was used as a nonspecific control to define specificity of EGF-probe accumulation. Maximum accumulation occurred at 6 hours postinjection, demonstrating specific intratumoral probe uptake and minimal liver and kidney off-target accumulation. Optical bioluminescence and fluorescence imaging confirmed tumor-specific probe accumulation consistent with MSOT images. These studies demonstrate the utility of MSOT to obtain volumetric images of ligand probe biodistribution in vivo to detect orthotopic pancreatic tumor lesions through active targeting of the EGF receptor. Cancer Res; 74(21);
Introduction
Early detection of cancer-a critical parameter affecting overall survival-can be difficult using current imaging modalities. In particular, pancreatic cancer is notorious for avoiding detection until after the onset of systemic disease. While subcutaneously engrafted models of pancreatic cancer are frequently used, the translational superiority of orthotopic models necessitates their use for clinically relevant investigations (1) . In particular, imaging of orthotopic pancreatic tumors in preclinical models is essential for monitoring of tumor burden and characterization of tumor activity. Traditional nuclear imaging has limitations depending on the modality used, which include poor spatial resolution, low sensitivity, ionizing radiation, or lack of 3D anatomic context (2) . Multimodality imaging techniques integrating anatomic visualization with molecular imaging, such as SPECT/CT and PET/CT are capable of 3D nuclear imaging. However these systems are hindered by decreased sensitivity, low resolution at increased depths, and long acquisition times, making them less practical for investigating real-time molecular event dynamics in vivo (3) .
Bioluminescence and fluorescence imaging suffer from light scattering and absorption, as well as poor resolution at depth when compared with computed tomography (CT) and magnetic resonance imaging (MRI; ref. 4) . Optoacoustic (photoacoustic) imaging is an emerging technology with many desirable characteristics as an imaging modality; it uses nonionizing electromagnetic waves, offers high spatial resolution, and sensitivity (5) . Optoacoustic imaging is unique in that it resolves optical contrast, but the resolution obeys the rules of ultrasonic diffraction; therefore, optoacoustic methods render photon scattering irrelevant to image formation, enabling the capability for novel high-resolution insights into the biologic function of entire tumors, organs, and systems (6) . Optoacoustic tomography has higher spatial resolution and deeper imaging depth because scattering of the ultrasonic signal in tissue is much weaker than for optical signals. The development of imaging probes for use in optoacoustic tomography is essential to fully leverage the capabilities of this technology for cancer detection in living subjects (7) (8) (9) (10) .
Because epithelial growth factor receptor (EGFR) is overexpressed in many cancers, including pancreatic lesions, labeled EGF probes have been used to investigate EGFR activation, receptor-ligand complex endocytic trafficking and sorting (11) (12) (13) , and EGFR expression in breast, head and neck, and pancreatic cancer xenografts (14) (15) (16) .
Here, we evaluate the ability to detect orthotopic pancreatic tumors through optoacoustic tomography using an EGF ligand-conjugated fluorescent near-infrared (NIR) probe as a contrast agent. We comprehensively characterized the EGF-750 probe with a battery of in vitro assays to verify its bioactivity and specificity before in vivo analysis. Accumulation of EGF-750 probe within the primary solid tumor was assessed by multispectral optoacoustic tomography (MSOT). Western immunoblotting and flow cytometry results confirm the specific binding depicted by MSOT images. In particular, we evaluate the utility of MSOT for specific and sensitive highresolution detection of orthotopic pancreatic tumors at depths exceeding 5 mm.
Materials and Methods

Synthesis and characterization of EGF-750 probe
Recombinant human EGF (6222 Dalton, sequence: NSDSECPLSH DGYCLHDGVC MYIEALDKYA CNCVVGYIGE RCQYRDLKWW ELRl; ProSpec) and CF-750 N-hydroxysuccinimide ester amine-reactive dye (Biotium) were conjugated as previously described (17, 18) . Briefly, lyophilized EGF was reconstituted in phosphate-buffered saline at pH 7.4 (Dulbecco's PBS; Life Technologies) to a concentration of 2.5 mg/mL. From this EGF polypeptide solution, 5 mg was transferred to a reaction tube for bioconjugation, to which was added 1/10 volume of 1 mol/L sodium bicarbonate solution. Lyophilized CF-750 dye was reconstituted using 10% dimethyl sulfoxide (DMSO; Fisher Scientific) in deionized water. CF-750 dye (100 mL) was conjugated to EGF ligand, resulting in a final concentration of 1 mmol/L EGF-750 probe. All synthesis processes were performed in a dark room due to light sensitivity of the NIR-dye. The mixture was vortexed and then sonicated on ice for 30 minutes followed by dialysis for 16 hours to remove unconjugated excess dye. The EGF-750 probe was dialyzed against phosphate buffer (10 mmol/L, pH 7.4) for three days in the dialysis tube (2000 nominal molecular weight cut-off; Sigma-Aldrich). The phosphate buffer was exchanged eight times during 4-hour time intervals. The optical absorption spectra of both CF-750 NIR dye and EGF probe were collected from a UV-Visible (UV-Vis) spectrophotometer (Cary 100 Bio; Varian).
Cell culture
Metastatic subclones of the SUIT-2 pancreatic adenocarcinoma cell line, S2VP10 and S2CP9, were kindly provided by Dr. Michael A. Hollingsworth at the University of Nebraska (Omaha, Nebraska). Cell lines MiaPaCa-2, PANC-1, HeLa, SKOV3.ip1 (EGFR-positive control; refs. [19] [20] [21] , NIH/3T3 (EGFR-negative control; refs. 22, 23) , and MCF7 were obtained from the American Type Culture Collection (ATCC). Cells were cultured at 37 C and 5% CO 2 in either Dulbecco's modified Eagle medium (DMEM) or Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals) and 1% L-glutamine (Gibco).
Western blot analysis
EGFR expression was determined by Western blotting using standard techniques. Pancreatic cells, S2VP10, S2CP9, MiaPaCa-2, and PANC-1, along with positive control (SKOV3.ip1) and negative controls (MCF7, NIH/3T3) were seeded at a density of 5 Â 10 5 cells per well for 24 hours. Using NP-40 detergent solution (Pierce Biotechnology, Inc., Thermo Scientific), phosphatase and protease inhibitors (Halt Inhibitor Cocktail; Thermo Scientific) in a 200 mmol/L sodium orthovanadate solution, cells were lysed and centrifuged at 13,300 Âg for 10 minutes at 4 C. Total protein was quantified using the Pierce BCA assay (Thermo Scientific). Protein from each cell line was loaded onto NuPage 12% Bis-Tris Novex gel (Invitrogen). Following electrophoresis, proteins were transferred onto nitrocellulose membrane using the iBlot dry blotting system (Life Technologies). The membrane was blocked with 3 mL Li-Cor blocking buffer (Li-Cor) for 30 minutes, then incubated with rabbit anti-EGFR (Abcam) at a concentration of 1:1,000 and mouse anti-b-actin antibody (Thermo Scientific) at 1:5,000. Membranes were incubated overnight at 4 C and then washed three times using Tris-buffered saline and tween 20 (TBST; 50 mmol/L Tris, 150 mmol/L NaCl, and 0.05% Tween 20) and secondary antibodies donkey anti-mouse IRDye 680RD and donkey anti-rabbit IRDye 800CW (Li-Cor) at concentrations of 1:2,000 in blocking buffer for 1 hour. Membranes were then scanned and analyzed using the Li-Cor Odyssey Infrared Imaging System (Li-Cor). Dosimetry was performed using Odyssey software, in which intensity values for EGFR band were divided by the b-actin band to normalize relative signal abundance.
EGF-750 activation of EGFR
Cervical adenocarcinoma HeLa cells were incubated with either EGF (10 ng/mL) or EGF-750 (1, 10, or 100 ng/mL) for 15 minutes at 37 C. Western blotting was performed as previously described (24) . Proteins were resuspended in Lamelli sample buffer and resolved by 7.5% SDS-Page gel before transfer onto nitrocellulose membrane. The membrane was blocked with 5% milk and 0.5% TBST buffer. Immunoblots were incubated in TBST with mouse anti-EGFR antibody (Santa Cruz Biotechnology) and rabbit anti-pY1068 phosphorylated-EGFR antibody (Cell Signaling Technology) at concentrations of 1:1,000 and 1:500, respectively; mouse anti-a-tubulin was added at a concentration of 1:5,000 as a control. Membranes were incubated overnight at 4 C then washed three times before incubation at room temperature for 1 hour with blocking buffer (5% milk and 0.5% TBST), anti-mouse and anti-rabbit (Pierce) secondary antibodies conjugated to horseradish peroxidase at concentrations of 1:2,500. Membranes were developed using ECL reagent in a Fotodyne Imager (Fotodyne Inc.).
Immunocytochemistry of EGF-750 probe uptake
Cell lines S2VP10, MiaPaCa-2, and MCF7 (low EGFR expression) were treated with Texas Red-EGF complex (Invitrogen) for observation of ligand binding-induced EGFR trafficking, and rabbit polyclonal early endosomal antigen-1 antibody (EEA1; Cell Signaling Technology) to visualize endocytosis and intracellular sorting. All cells were grown to confluency on coverslips and then serum-starved for 2 hours before a 10-minute pulse with 2 mg/mL Texas Red-EGF ligand. Following two washes with ice-cold citrate buffer to remove excess extracellular ligand, the 0 and 10-minute treatment groups were immediately fixed in 4% paraformaldehyde for 5 minutes at room temperature, then an additional 15 minutes on ice. The 30-minute treatment group was incubated at 37 C and 5% CO 2 for another 20 minutes before fixation. Coverslips were then washed two times with ice-cold PBS, and then washed three additional times for 5 minutes each using PBS þþ (0.5 mmol/L magnesium and calcium chloride) before permeabilization in 0.1% saponin, 5% FBS, and PBS for 20 minutes at room temperature, followed by another wash in PBS. Treatment with 1:1,500 EEA1 in saponin for 1 hour preceded another PBS þþ wash and subsequent 1:250 incubation with anti-rabbit Alexa 488 secondary antibody (Invitrogen) in the dark for 1 hour at 25 C. Coverslips were then washed six times for 10 minutes each with PBSþþ and then rinsed with doubledistilled H 2 O and mounted in Prolong without DAPI (Invitrogen). A Nikon Ti Eclipse immunofluorescence microscope (Nikon) was used to image the coverslips.
Flow cytometry
Cell lines S2VP10L and NIH/3T3 (negative control) were seeded at a density of 4 Â 10 5 cells per well in 22.1-mm plates; Ab-1 wells were blocked for 1 hour with 10 mL anti-EGFR antibody (EMD Millipore) before addition of 20 mL of 1 mmol/L EGF-750 probe. Experimental wells were incubated with probe for 30 minutes, then cells were scraped and washed with PBS. Flow cytometric analysis of probe uptake was conducted using the BD FACSCanto (BD Biosciences). The APC-Cy7 filter setting detected cells positive for bound CF-750 fluorescent dye conjugate. Raw data were analyzed using the FlowJo software (FlowJo).
Orthotopic pancreatic cancer xenografts
Strict adherence to the University of Louisville Institutional Animal Care and Use Committee-approved protocol was maintained throughout the study. Five-week-old female C. B-17 SCID mice (Harlan Laboratories) were acclimated for 1 week before the study. All surgical procedures were performed in a sterile hood. Orthotopic cell implantation was performed as previously described (25); a 1-cm incision was made in the upper left abdominal quadrant and the spleen was used to indirectly position the tail of the pancreas, carefully avoiding direct pancreatic manipulation. Five mice per cohort were injected with 30 mL of either 1.5 Â 10 5 S2VP10L (luciferase clone of high-EGFR-expressing S2VP10 pancreatic cancer cells) or 2.5 Â 10 6 MiaPaCa-2 (low-EGFRexpressing), cells into the tail of the pancreas using a 28-gauge needle. Sterile cotton-tipped applicators were used to cover the injection site for 30 seconds to prevent peritoneal leakage. The organs were reseated in the abdomen before single-layer incision closure with 5-0 nylon sutures. Animals had 30 minutes of postoperative recovery period on a heated pad before being returned to cages supplied with clear, liquid acetaminophen for 24 hours along with food and water ad libitum. Confirmation of orthotopic implantation was performed using bioluminescence optical imaging on the Advanced Molecular Imager (AMI-1000X; Spectral Imaging Instruments). Mice with detectable leakage from the pancreas were removed from the study. Mice received intraperitoneal (i.p.) injection of 2.5 mg luciferin bioluminescent substrate (D-luciferin potassium salt; PerkinElmer) 10 minutes before weekly imaging to monitor orthotopic tumor and metastatic growth. Region of interest (ROI) analysis was used to measure the light emitted for orthotopic sites using the AMI Image Viewer software. Sutures were removed 7 days following implantation. Once mice had palpable tumors, mice received i.v. injection of 200 mL of 100 nmol/L EGF-750 probe; control mice for each tumor model received coinjection of indocyanine green (ICG; Sigma-Aldrich). Probe was allowed to accumulate in the tumor for 3 to 24 hours before imaging.
Tumor imaging
The inVision-256TF multispectral optoacoustic tomography system (iThera Medical) was used for real-time imaging of orthotopic pancreatic xenografts. The MSOT data reported here are from S2VP10L-implanted mice imaged at 14 days postimplantation. MiaPaCa-2 control mice were imaged via MSOT at 35 days postimplantation. Mice were anesthetized with 1.6% isoflurane inhalant delivered in 0.8 L medical air and 0.1 L O 2 , then depilated using a combination of shaving and application of Nair cream with aloe (Church & Dwight Co.), which was removed with moist gauze. Anesthetic depth was maintained throughout the image acquisitions, with mice oriented ventral side up in the animal holder. Wholebody imaging was performed at 3, 6, and 24-hour intervals using transversal slices with a 0.2-mm step from the liver to the kidney (38-56 mm), at wavelengths of 680, 710, 730, 740, 760, 770, 780, 800, 850, 900 nm for each position, using 25 averages per wavelength with acquisition time of 10 microseconds per frame to minimize the influence of animal movement in the images. Excitation of the EGF-750 probe was conducted using a tunable parametric oscillator pumped by an Nd:YAG laser. The pancreas tumor was identified by a live-feed screen preview multispectral signal (MSP). Optical bioluminescence and fluorescence imaging using the AMI-1000X optical imaging system (Spectral Instruments Imaging) was performed to verify MSOT images of tumor location and EGF-750 probe binding specificity in vivo, as well as for monitoring of orthotopic tumor and metastatic growth. Mice were anesthetized with 2% isoflurane in a sealed chamber and then placed with ventral side up on a 37 C staging platform for image acquisition. Mice were i.p. injected with 2.5 mg luciferin 10 minutes before weekly bioluminescence imaging; i.v. injection of EGF-750 probe preceded fluorescence imaging at an excitation of 745 nm and 790 nm. ROI analysis was used to measure fluorescence emitted using the AMI Image Viewer software. Upon completion of imaging protocol, animals were euthanized via carbon dioxide inhalation and pancreas tumor and liver tissues were harvested and imaged ex vivo using the AMI-1000X. Control mice were injected with unconjugated inert CF-750 dye alone to evaluate level of nonspecific binding.
MSOT image reconstruction
Images were reconstructed using the multispectral processing along with ViewMSOT software as previously described (26) . Data were optimized using high-resolution (75 mm) backprojection reconstruction with 3D Gaussian filter (size 9 Â 9 Â 3) homogenization from MATLAB, which was done before applying the multispectral processing using linear regression also from MATLAB. Maximum intensity projections were obtained using MATLAB along with ViewMSOT after reconstruction.
Statistical analysis
Differences in signal mean fluorescence intensity (MFI) of samples measured by flow cytometry were assessed using the Wilcoxon signed-rank test. Statistical analysis was completed with the SAS 9.3 software (SAS Institute). P values 0.05 were considered to be significant.
Results
EGF-750 characterization
The EGF polypeptide was labeled using an NHS ester, aminereactive NIR CF-750 dye. Following the conjugation of EGF polypeptide, the absorbance spectrum of the novel EGF-750 probe was compared with that of the free dye, yielding similar absorption patterns with peaks near 750 nm (Fig. 1A) , which indicates that bioconjugation did not significantly change the expected absorbance signature of the dye. The degree of labeling (number of CF-750 dye molecules per EGF molecule) was calculated according to the manufacturer's instruction (Biotium) by using an extinction coefficient of 2.85/(M cm) at 280 nm for EGF, and an extinction coefficient of 250,000/(M cm) at 750 nm for CF-750; the degree of labeling was found to be 1.32. Bioactivity of EGF-750 was verified by the dose-dependent induction of EGFR phosphorylation (Fig. 1B) . HeLa cells were treated with no ligand, 10 ng/mL of unlabeled EGF (EGF), or increasing concentrations of EGF-750 (Labeled EGF). Lysates were probed for receptor phosphorylation using an antibody that specifically recognizes phosphorylated tyrosine 1068 of the EGFR (pY1068). Phosphorylated EGFR detected with pY1068 antibody shows only slightly diminished intensity in the cells incubated with conjugated probe at the 10 ng concentration, suggesting that the fluorescent probe retained biologic activity. Expression of EGFR was comparable for both groups, although at 100 ng/mL of EGF-750, there is some ligand-induced receptor degradation consistent with previous reports (11); a-tubulin was used as a protein loading control.
Western blot analysis
The relative expression of EGFR was evaluated in the cell lines S2VP10, S2CP9, MiaPaCa-2, PANC-1, SKOV3.ip1, NIH/ 3T3, and MCF7 using immunoblot analysis ( Fig. 2A) . Antib-actin antibody was used as a control for normalization in dosimetry of relative abundance. The S2VP10 line showed strong relative abundance corresponding to high EGFR overexpression, whereas MiaPaca-2 cells exhibited minimal relative abundance. Bands confirmed EGFR expression for pancreatic cell lines S2VP10, S2CP9, and PANC-1, as well as the EGFR-positive control cell line SKOV3.ip1, with dosimetry values of 1.4Â, 0.6Â, 0.2Â, and 0.8Â, respectively. No bands were detectable for the EGFR-negative cell lines NIH/3T3 and MCF7 (Fig. 2B) .
Immunocytochemistry
To validate general relative efficacy of EGF in a fluorescently labeled conjugate, fixed MiaPaca-2, MCF7, and S2VP10 cells were probed with the Texas Red-EGF complex to visualize EGFR ligand-induced endocytic trafficking, 
Flow cytometric analysis of EGF-750 binding
Binding specificity of EGF-750 in S2VP10 cells was quantified via flow cytometric analysis using a competitive inhibition assay. Ab-1 is a mouse monoclonal antibody to the ligand-binding domain of the EGFR and competes for ligand binding (28) . NIH/3T3 cells are EGFR-negative and show little EGF-750 association; the addition of Ab-1 has little effect on EGF-750 association. In contrast, the EGFR-positive, S2VP10 cells associate with EGF-750 quite well. The addition of Ab-1 effectively blocks EGF-750's association (Fig. 4A and B) . Histograms of MFI values show that the largest shift was seen in the S2VP10 line, with a 60.1% positive cell population compared with 11.1% in NIH/3T3 cells; baseline shift for each line was 2.65% and 2.59%, respectively. In cells pretreated with Ab-1 anti-EGFR antibody to block EGF receptors, EGF-750 probe signal was reduced in both S2VP10 and NIH/3T3 cells, with positive shift observed in only 23.0% and 7.18% of population, respectively. Data are representative of the mean values of two replicate experiments; differences were analyzed using the Wilcoxon signed-rank test. Although this decrease in EGF-750 probe binding is not statistically significant (P ¼ 0.0613), it is a biologically significant indicator of binding specificity due to reduced MFI of EGF-750 probe in Ab-1-blocked cells.
Tumor imaging Following i.v. tail vein injection of the EGF-750 probe, S2VP10L mice were imaged at 3, 6, and 24 hours postinjection. Maximum accumulation of the EGF-750 probe within tumor was recorded at the 6-hour time point, with an average of 318 MSOT signal units (arbitrary unit, a.u.; Supplementary Fig. S1 ). Two additional mice in cohort were imaged with similar results. MiaPaCa-2-implanted mice served as a low-EGFR-expressing tumor control; of the three mice injected, MSOT signal was <10 MSOT signal units (a.u.) for all time points. Multispectral optoacoustic tomography images of serial transversal slices from 38 to 42 mm were obtained, from the liver to the kidney, indicating a region where EGF-750 probe accumulation begins (Fig. 5A) ; probe intensity values indicate higher accumulation through the 40 to 42 mm slices, which represent the interior portion of the tumor mass. Maximum intensity projections show the 3D structure of the tumor in the xyz-space (Fig.  5B) . Fluorescence imaging of the mice validated the accumulation of the EGF-750 probe at 6 hours with specific accumulation in the lower left quadrant of the tumor. For comparison, AMI images of CF-750 dye alone injected as a control showed no visible accumulation within the tumor at 6 hours postinjection (Fig. 5C ). There was no visible probe accumulation within the kidneys or liver, suggesting that the amount was below the detection limit; MSOT output for these organs was <10 MSOT signal units (a.u.). Bioluminescent imaging was used to confirm orthotopic pancreatic tumor implantation of S2VP10L (Luc positive) cells. Tumors were localized to the pancreas with minimal metastases present (Fig. 5C ). Figure 5D shows ex vivo pancreatic tumor and liver tissue images acquired using fluorescence imaging on the AMI to confirm specific probe uptake in the pancreas (red signal), with minimally detectable signal in the liver. Ex vivo scan of organs on the AMI also confirmed accumulation of EGF-750 in the pancreas contrasted with the lack of fluorescent probe distribution within the liver. Probe specificity was further implicit from the lack of accumulation of nonspecific ICG dye in MSOT images of the tumor mass following coinjection with EGF-750 probe (data not shown).
Discussion
This study demonstrates the feasibility of detecting orthotopic pancreatic cancer in vivo using MSOT through the active targeting of upregulated receptors with ligand-associated probes for enhanced imaging. Highly resolute, volumetric imaging revealed preferential localization of EGF-750 probe in tumor, indicating specificity in targeting and confirming that MSOT can be used to trace the biodistribution of exogenous fluorescent contrast agents through several millimeters of live tissue (Fig. 5A and B) . The fluorescent receptortargeted ligand maintained EGFR binding specificity, trafficking, and intracellular signaling activity, verifying its utility as an imaging probe for MSOT. EGF-750 demonstrated interaction with and exhibits bioactivity in association with EGFR in S2VP10 pancreatic tumor cells. Optoacoustic imaging is based on molecular light absorption induced by a tunable pulsed laser that delivers short pulses at wavelengths relative to selected absorbance spectra, under which conditions thermal diffusion is effectively negated, resulting in a direct proportionality of acoustic wave magnitude to the light intensity, optical absorption, and thermoelastic expansion of tissue as detected by ultrasound (29) . The possibility exists for MSOT to enable fluorescent agent identification with molecular specificity at depths up to at least 2 cm. MSOT has been validated for resolution of deep-seated fluorescent proteins in Drosophila melanogaster pupae and adult zebrafish, and for the imaging of subcutaneous xenografts and orthotopic glioblastoma in mice (7, 30, 31) . Accuracy of fluorescent probe detection is important at depth and because of light scattering in tissue; optical imaging and microscopy techniques cannot provide the image fidelity produced by multispectral optoacoustic tomography, for which sound wave-scattering in tissue is less detrimental to detection sensitivity (7, 9, 10) . Superficial tumors have been visualized using MSOT in previous studies (30, 31) , although the depth range of the instrument is theoretically suitable for the detection of orthotopically implanted tumors, with the additional capacity of spectra differentiation to allow for multiparameter evaluation using several chromophores and fluorophores simultaneously. A resolution of up to 200 mm is achievable using MSOT, at depths of more than 10 transport mean free path lengths (MFPL) of photon propagation through a highly diffusing medium; that is, more than 10 times the transport length of the depth currently attainable through in vivo microscopy (<1 mm; refs. 7, 8) . Spectral unmixing allows separation of fluorescent imaging agents from background absorption and from endogenous chromophores to depict discrete representations Figure 5 . Optical imaging of pancreatic adenocarcinoma. Multispectral optoacoustic detection of pancreatic adenocarcinoma from a mouse at 7 days postimplantation, with EGF-750 biodistribution shown at 6 hours postinjection. High-resolution (75 mm) backprojection reconstruction and multispectral processing using linear regression in MATLAB was used to create reconstructed image. A, serial images of pancreatic tumor mass ranging from 38 to 43 mm illustrate the capability to precisely define the region of probe distribution. B, maximum intensity projection of reconstructed image to determine 3D conformation of tumor in xyz-space, enabling measurement of total tumor volume. C, top, fluorescence imaging of EGF-750 probe-labeled pancreatic tumor; as a control, unconjugated inert CF-750 dye was shown to not accumulate preferentially in the tumor. Bottom, detection of pancreatic tumor was confirmed using S2VP10L cells (Luc positive) through bioluminescence imaging on the AMI. D, in vivo MSOT images were further validated through fluorescence imaging detection of EGF-750 probe in pancreatic tumor and liver tissues analyzed ex vivo on the AMI; ex vivo scan of organs confirmed the accumulation in the pancreas and lack of fluorescent EGF-750 probe distribution in the liver, corresponding to MSOT signal quantified for the liver and kidney at <10 MSOT signal units (a.u.).
of the tumor microenvironment, including detailed vascular anatomy. The MSOT system has been validated for detecting targeted fluorescent molecules, dyes, and accumulation of nanoparticles in the imaging of mouse mammary carcinoma allografts and orthotopic human glioblastoma xenografts (30) (31) (32) . The resulting tomographic 3D images show welldefined vascular anatomy and organ specificity with optical contrast and high spatial resolution, revealing the potential to visualize orthotopic tumors such as pancreatic lesions.
There have been investigations using photoacoustic imaging models with linear array that have capability of imaging at depth but suffer from high noise level, weak signal, and long acquisition times (33) . Using MSOT, photoacoustic signal is readily apparent even during image acquisition, and does not require postprocessing to identify regions of positive signal. Photoacoustic imaging without the introduction of exogenous contrast has been widely studied and shown to be useful in a variety of applications, ranging from tracking nanoparticle pharmacokinetics to hypoxic tissue detection (34, 35) . We hypothesize that the introduction of exogenous contrast agents and probes could greatly enhance contrast, detection, and further enable resolution of nonsurface tumors, especially tumors located within the abdomen. Selection of the most appropriate agent for photoacoustic imaging can be challenging due to the large number of viable agents proposed for biomedical imaging (36) . Photoacoustic imaging detects optical absorption in the NIR region from 650 to 1,100 nm in endogenous tissue (37) . Here, we demonstrate that the EGF-750 probe is suitable for highly specific and sensitive detection of S2VP10 pancreatic tumor cells through EGF receptor targeting (Figs. 2-5 ).
While this study establishes a new method for detection of EGFR-expressing pancreatic adenocarcinoma with potential clinical applications, the work may be extended to the detection of other types of deep-tissue solid tumors that characteristically overexpress EGFR (38) (39) (40) (41) . The EGF-750 probe in particular could also potentially be used with a real-time handheld MSOT imaging system device (42-44) as a targeted imaging agent to identify patients who would benefit from EGFR-targeted therapeutics (45) . This application could also be used to monitor treatment response or receptor sensitivity during treatment, potentially aiding in investigations of resistance to EGFR-targeted therapies (46) . Because this technique is noninvasive, longitudinal imaging is possible, enabling potential for investigations of biodistribution, pharmacokinetics, and visualization of treatment response (35) . The MSOT instrument can be used for in vivo binding characterization and biodistribution and elimination pharmacokinetics to optimize nanovehicle targeting for anticancer therapeutics (47) (48) (49) . Previous studies using MSOT have detected gold nanoparticles within subcutaneous tumors, indicating a potential role in evaluating biodistribution and accumulation of nanocarriers (32, 50) . The capacity for dynamic imaging of exogenously administered targeted molecules in specific organs enables visualization and quantification of offtarget binding to evaluate hepatic and renal toxicity. Future research directions include development and characterization of targeted anticancer nanotheranostics for investigations using MSOT to trace particles, imaging their transit dynamics in multiple organs, and monitoring tumor response in vivo at clinically relevant depths.
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